A quantum mechanical approach and local response theory are applied to study plasmons propagating in nanometer-thin gold slabs sandwiched between different dielectrics. The metal slab supports two different kinds of modes, classified as long-range and short-range plasmons. Quantum spill-out is found to significantly increase the imaginary part of their mode indices, and, surprisingly, even for slabs wide enough to approach bulk the increase is 20%. This is explained in terms of enhanced plasmonic absorption, which mainly takes place at narrow peaks located near the slab surface.
I. INTRODUCTION
Recently, it was found that the effect of quantum spillout in nanometer-thin gaps in gold has a significant impact on the propagation of surface plasmon polaritons (SPPs) in such structures. In the limit of vanishing gap, the SPP mode index was found to converge to the refractive index of bulk gold, 1 while classical models neglecting spill-out find a diverging mode index 2, 3 . In addition, it was discovered in Ref. 1 that spill-out significantly increases the plasmonic absorption in these gaps. Furthermore, the predicted reflectance from an ultrasharp groove array is in much better agreement with measurements 4 than the classical model. 5, 6 In this paper, we study the opposite geometry, i.e., a nanometer-thin gold slab surrounded by different dielectrics. Such a structure supports long-range and shortrange SPPs, which are p-polarized electromagnetic waves bound to and propagating along the slab [7] [8] [9] [10] [11] . For a nanometer-thin slab, the short-range mode is strongly bound, meaning that a large part of the field profile is located in the slab region, while the long-range mode is weakly bound with most of its field profile located in the dielectric regions. The magnetic fields of the modes are symmetric and antisymmetric, respectively, if the metal slab is sandwiched between identical dielectrics, while the symmetry is broken when sandwiched between different dielectrics 9 . Applications of such SPPs are found in, e.g., plasmonic lenses for biosensors and as mode couplers into dielectric or plasmonic waveguides 12, 13 . In addition, plasmonic structures find applications within e.g. solar cells 14 , and furthermore, they can be applied to squeeze light below the diffraction limit 15, 16 , and can be utilized in lasers 17 .
Refs. 7-11 applied a classical model neglecting quantum spill-out, such that the dielectric function takes one value in the metal region and another value in the dielectric region, thus changing abruptly at the interfaces, while quantum effects have been included in, e.g., Refs. 18-21. Furthermore, gold films with thicknesses down to 1 nm have recently been fabricated 22 . Here, we examine the effect of quantum spill-out on plasmons propagating in nanometer-thin gold slabs. Local response theory is applied to calculate the mode indices and associated electromagnetic fields. We show in the following that spill-out significantly increases the imaginary part of the mode index, even for slabs wide enough to approach bulk. This is explained in terms of strong plasmonic absorption mainly taking place a fewÅ from the slab surface, a phenomenon not found in classical models.
II. QUANTUM DIELECTRIC FUNCTION
In the vicinity of the gold slab, the electron density and the effective potential arising from the free electrons (in the s, p band) are significantly modified due to electron tunnelling through the surface barrier. To capture this effect, we calculate the electron density using Density-Functional Theory (DFT) in the jellium model 23, 24 (see Appendix A for further description). The optical cross sections of metal nanowires [25] [26] [27] [28] , metal clusters and spheres 25, [29] [30] [31] have previously been calculated by applying such a DFT model in the jellium approximation. Likewise the plasmon resonance of metal dimers and semiconductor nanocrystals have been calculated in Refs. 32-34, while Ref. 20 studied the plasmonic properties in ultra-thin metal films. In addition, Ref. 35 examined the role of electron spill-out and non-local effects on the plasmon dispersion relation for gap plasmons propagating between two gold surfaces as well as plasmons propagating in gold slabs surrounded by air. It was found in that paper, that spill-out has a significant impact while the influence from non-local effects was minor. In Refs. 20,35, only the real part of the parallel wave number (analogous to mode index) was considered, with no studies of the dependence of the slab (or gap) width. In the present paper, in contrast, we compute both the real and imaginary parts of the mode index, and furthermore, investigate in detail how they depend on the slab width.
Non-local effects in metal dimers and cylinders were studied in Refs. 21,36-38, where it was found that these effects slightly blue-shift the plasmon resonances. In this paper, similarly to Refs. 1,28-30,34,39 we ignore the nonlocal effects and thereby treat the dielectric function as a local response.
The electron density n across a gold slab of width d = 1 nm is shown in Fig. 1(a) in units of the bulk gold density n 0 , where the geometry is chosen such that the x-axis is perpendicular to the slab, while the plasmons are propagating in the y-direction. The colored area in the figure shows the position of the ion charge in the jellium model, and spill-out is clearly seen to occur as the electron density contains an exponential tail that stretches ∼0.3 nm into the dielectric region. In addition, for the charge to be conserved, the density inside the slab is also affected by spill-out. As the slab gets wider, the electron density near the slab boundary contains Friedel oscillations in agreement with Refs. 23, 24, 40 where the electron density at a single interface between gold and air was studied.
The electron density is applied to calculate the local dielectric function ε across the structure by a method analogous to Ref. 1. In the bulk, the electron density n 0 implies a bulk plasma frequency of ω p,bulk = n 0 e 2 /(m e ε 0 ), which gives rise to a Drude response ε p,bulk (ω) = 1 − ω 2 p,bulk /(ω 2 + iωΓ) 41 . Bound electrons in the lower lying d bands also contribute to the dielectric function 41 , but in contrast to the free electrons, we assume that they are entirely located in the jellium region, thus not tunnelling through the potential barrier. The response from the bound electrons is calculated from the experimental response of bulk gold, ε gold (ω) from Ref. 42 as ε bound (ω) = ε gold (ω) − ε p,bulk (ω). The final dielectric function in the vicinity of a gold slab with a jellium region spanning from x = −d/2 to x = d/2, is therefore given by
Here, the first term describes the local Drude response of free electrons with position dependent plasma frequency ω p (x) = n(x)e 2 /(m e ε 0 ) determined by the electron density n(x) calculated using DFT. Also, Γ = 65.8 meV has been applied for the damping term 41 . The dielectric substrate and superstrate, which in general can be different, are described by ε s (x), and the Heavyside step function θ in the first line makes sure that the dielectric function sufficiently far from the slab equals the correct values in the substrate and superstrate. Hence, it has been assumed that the electron density across the slab does not depend on the kind of substrate and superstrate it is surrounded by. Lastly, the abrupt behaviour assumed for the bound electron term is modelled with the step function θ in the second line of Eq. (1).
An example of a dielectric function is seen in Fig. 1(b) for a slab width of 1 nm at a wavelength of 775 nm, where again the colored area shows the position of the ion charge, while the shaded areas depict the dielectric substrate and superstrate. The black curve shows the dielectric function, when there is air on both sides of the slab, while the blue curve corresponds to applying glass (ε s = 2.25) as both substrate and superstrate. For a gold slab placed instead on a glass substrate with air as superstrate, the blue curve to the left and the black curve to the right of the slab describe the dielectric function in the glass and air, respectively. The real part of the dielectric function is clearly seen to jump at the slab boundary due to the step function in the second line of Eq. (1). Although it is difficult to see in the figure, the imaginary part of the dielectric function also jumps across the interfaces. Since the substrate and superstrate are assumed lossless, the imaginary part of the dielectric function is unaffected by these materials.
III. MODE INDEX OF PROPAGATING PLASMONS
The magnetic field of the SPPs only has a z-component and is, for a constant slab width, given by (2) where the subscripts m = {l, s} indicate that the field and associated complex mode index β can be either longrange or short-range, respectively, in agreement with Refs. 9. In Eq. (2), k 0 = 2π/λ is the free space wavenumber, and H m (x) is the transverse magnetic field distribution. Both the mode index and the transverse magnetic field depend strongly on d, especially for the short-range mode, as will be shown below.
The mode index is calculated by the same type of transfer matrix method as presented in detail in Ref. 1 (see Appendix B for classification of modes). Figure 2 shows the mode indices as a function of d at a wavelength of 775 nm. For the blue and red curves, the geometric structure is symmetric, while it is asymmetric for the green curves, as indicated in the text above each subfigure. This implies that the magnetic fields associated with the blue and red curves are symmetric and antisymmetric for the long-range and short-range mode, respectively, while the symmetry of the associated fields is broken for the corresponding green curves. For the short-range mode, this will be demonstrated in the next section.
Figure 2(a) shows the short-range mode indices for the two symmetric structures, which are in agreement with previous studies 7-9 when spill-out is neglected. The real parts are almost unaffected by spill-out, while it plays a significant role for the imaginary parts, as will be elaborated upon below. A similar calculation of the mode index with and without spill-out for gap plasmons propagating in narrow gaps in gold showed that the mode index when including spill-out converges to the refractive index of bulk gold in the limit of vanishing gap width 1 , while neglecting spill-out leads to an unphysically diverging mode index 2, 3 . For plasmons bound to the slab, the mode index when neglecting spill-out also diverges unphysically in the limit of vanishing slab thickness [7] [8] [9] . This is not the case with spill-out included, as plasmonic modes only exist when the real part of the metal dielectric constant is negative in some region along the direction normal to the slab 41 . It is found that the slab has to be of sub-atom thickness (∼ 0.3Å) in order for the electron density in the model to become so delocalized that the real part of the dielectric constant is everywhere positive. Hence, with spill-out included the mode index does not diverge in the limit of vanishing slab thickness. Instead, plasmonic modes cease to exist for slabs below a cut-off thickness in the sub-atom range. However, since a gold atom has a diameter of roughly 0.3 nm 4 , we only consider slab widths larger than this value.
For an asymmetric structure with glass as substrate and air as superstrate, the short-range mode index is shown in Fig. 2(b) . Here it is difficult to see the difference in mode index with and without spill-out when the slab width exceeds 1 nm. Therefore the mode index when neglecting spill-out is only included in the inset showing results for d below 1 nm, where β has the same behaviour as for the symmetric structure in Fig. 2(a) . Although it is hard to see in the figure, the imaginary part is small but non-zero for all slab widths. The mode index has converged when d = 100 nm, and for such a wide slab the plasmon behaves as if bound to a single interface between glass and gold.
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The asymmetric structure also supports long-range modes, but only for slab thicknesses above a certain threshold 8 . The long-range mode is mainly bound to the air-gold interface, with a mode index that is lower than the refractive index of the glass substrate. This implies that the normal component of the wavevector becomes real (with a very small imaginary part due to loss in the gold) on the glass side of the structure, leading to a wave propagating in the substrate, thus not a truly bound mode 10 . Hence, the wave will leak out into the substrate, where conservation of momentum determines the leakage angle 43 . However, if the dielectric constants of the substrate and superstrate are not too different, it is possible to obtain a long-range mode that is truly bound to both interfaces (see e.g. Fig. 3 in Ref. 9) . The phenomenon of leaky modes can be examined using leakage radiation microscopy, see e.g. Refs. 10,44,45.
Figure 2(c) shows the mode index of the corresponding long-range mode for a gold slab surrounded by glass. Without spill-out, the mode index for an ultra-thin slab is very close to the refractive index of the substrate, which implies that the mode is weakly bound. The mode is therefore long-range with most of its field profile located in the dielectric regions, which will be illustrated in the next section. As the slab width increases to 200 nm, the mode index without spill-out has converged to ε gold ε glass /(ε gold + ε glass ), which is the mode index of a plasmon bound to a single interface between gold and glass 41 . In addition, the corresponding short-range mode index when neglecting spill-out in Fig. 2(a) converges to the same value for d = 200 nm (not shown) in agreement with Refs. 8,9,12. With spill-out included, the long-range mode index for small slabs in Fig. 2(c) is also close to the refractive index of the substrate, and the imaginary part is very low. As for the short-range mode in Fig. 2(a,b) , especially the real part of the mode index is almost the same with and without spill-out, as seen by comparing the solid and dashed lines. But importantly, spill-out significantly increases the imaginary part of the mode index, even for slab widths up to 200 nm, as seen by comparing the dotted and dash-dotted lines in Fig. 2(c) .
To further illustrate the effect of spill-out in a symmetric structure, the ratio between mode indices with and without spill-out is shown in Fig. 3(a,b) for the shortrange and long-range modes, respectively. For both types of modes, the real part of the mode index is almost unaffected by spill-out, as the ratios shown by the solid lines in Fig. 3 have converged to 1.0004 when d = 50 nm. For the short-range mode the ratio between the imaginary parts is approximately 3.0 for a slab width of 0.3 nm, while it converges to ∼1.2 for d = 200 nm. The real part of the normalized magnetic field profile when spill-out is included is shown in the inset of Fig. 3(a) for a slab width of 200 nm, as indicated by the arrow. It behaves as two decoupled plasmons bound to the interfaces between glass and gold, as the field profiles bound to the individual interfaces do not interact for such a wide slab. For the long-range mode, the corresponding ratio between the imaginary parts is extremely high for small d as seen in the inset in Fig. 3(b) . However, as d increases the ratio decreases monotonically and converges to ∼1.2 when d = 200 nm. This is an important result showing that quantum spill-out increases the imaginary part of the mode index by 20%, even for relatively thick slabs that can readily be fabricated 12, 44 and approach bulk gold. It is highly surprising that spill-out plays such a significant role for wide slabs, as it only modifies the electron density in a region very close to the ion charge. In addition, it is noticed that the ratios between the imaginary parts of the two modes converge to the same value when the slab is wide enough, as in this case the field profiles bound to the individual interfaces are decoupled, similarly to classical models 8, 9, 12 . Furthermore, the short-range mode indices with and without spill-out in the asymmetric structure in Fig. 2(b) , converge to the same values as for the long-range mode in Fig. 2(c) , as both modes behave as bound to a single interface between gold and glass. Hence, spill-out also increases the imaginary part of the mode index by 20% in an asymmetric structure.
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IV. FIELD PROFILE AND PLASMONIC ABSORPTION
Once the mode indices have been computed, the magnetic field from Eq. (2) is calculated using the same transfer matrix method as described in Refs. 1,46. Applying the same phase convention as in Ref. 7 , the normalized real part of the short-range transverse magnetic field H s (x) across a gold slab of 0.3 nm is shown in Fig.  4 (a) at a wavelength of 775 nm. The associated imaginary parts of the fields are not shown as they are small compared to the real parts, similarly to classical models 7 . When neglecting spill-out, the slope of the magnetic field, corresponding to the normal component of the electric field, becomes discontinuous across the slab surfaces in agreement with Refs. 7-9. With spill-out included, the slope is still discontinuous due to the abrupt change in the bound electron term in Eq. (1), although it is difficilt to see in Fig. 4(a) . But in the vicinity of the slab surface the field profiles behave more smoothly, and their maximum positions are slightly shifted into the dielectric region. We have checked that the appropriate boundary conditions regarding electromagnetic fields across an interface 41 are satisfied. Further away from the slab, the field profiles with and without spill-out become almost identical. Consequently, the decay lengths into the dielectrics, calculated as 1/Im(k x ), where k x = k 0 ε s − β 2 is the wavenumber in the x-direction, are very similay and both are on the order of a few nm. This illustrates that the short-range mode is strongly bound to the slab, as it decays very rapidly into the dielectrics 9 , and thereby has a large part of its field profile located in the slab region. Notice, that as the real part of the mode index is much higher than its imaginary part, the decay length mostly depend on the real part of the mode index. Fig.  4(a) demonstrates that the short-range magnetic field is antisymmetric for the two symmetric structures shown by the blue and red curves, while this is no longer the case for an asymmetric structure, as shown by the green curves. When the slab width increases, the field profile broadens, as shown in the inset of Fig. 3(a) for a 200 nm wide slab. For such a wide slab, the field profiles with and without spill-out are almost identical, and both behave as two decoupled plasmons bound to the interfaces between glass and gold. As mentioned above, the long-range mode is weakly bound. Consequently, the electromagnetic fields for a few-nm slab have decay lengths of several micrometers, as shown for a gold slab surrounded by glass in Fig. 4(b) .
The long decay length implies that most of the field profiles are located in the dielectric regions. The field profiles are broader when spill-out is neglected, as also seen in the inset showing the real part of the magnetic fields across a slab of width 0.3 nm, i.e., the same slab as in Fig. 4(a) . Including spill-out effectively implies a broader slab (see Fig. 1(a) ), which means that the fields become slightly more localized with a shorter decay length. For slabs wider than 3 nm, the decay lengths with and without spill-out are very similar, and both converge to the decay length of a plasmon bound to a single interface between gold and glass (not shown).
As argued above, spill-out plays almost no role for the decay length for slabs of a few nm. On the other hand, it significantly increases the imaginary part of the mode index as shown in Fig. 3 . This leads us to investigate how spill-out affects the electric field and plasmonic absorption across the slab. First, the electric field is calculated from the magnetic field in Eq. (2) as
The electric field is subsequently used to calculate the absorption density defined as
By considering the time average of the Poynting vector, S = 1/2Re( E × H * ) 41 , it can be shown that conservation of energy implies that the plasmonic absorption and the imaginary part of the mode index are related in the following way
We have checked that this relation is satisfied for both types of modes with and without spill-out. The normalized absorption density is shown in Fig. 5 for the shortrange mode across the slab of width 0.3 nm at a wavelength of 775 nm. If spill-out is neglected, absorption can only take place in the gold as the surrounding dielectrics are assumed lossless. In this case, the absorption density is almost unaffected by the kind of surrounding dielectric, why Fig. 5 only shows it for a slab surrounded by air. But with spill-out included, strong plasmonic absorption occurs, and the absorption density mostly consists of two narrow peaks located in the dielectric regions close to the interfaces. At these positions, similarly to Refs. 1,39, the real part of the dielectric function is zero (at the wavelength 775 nm), while its imaginary part is small but nonzero, which ensures that the peaks in the absorption density are finite. The narrow peaks are found a fewÅ outside the ion charge, and the same is found for the long-range mode (not shown). The contribution from these peaks leads to enhanced plasmonic absorption, as they are a consequence of electron spillout, and therefore not found in classical models. For a slab surrounded by glass, the peaks occur slightly closer to the slab, as the real part of the dielectric function has its zero shifted slightly compared to the case with a slab surrounded by air (see Fig. 1(b) ). The same phenomenon was found in Ref. 20 for a magnesium slab surrounded by silicon and air. The peaks in absorption density due to spill-out were recently discussed in Ref. 1, where they were found to significantly reduce the reflectance from an ultrasharp groove array in much better agreement with measurements 4 compared to classical models 5, 6 . The increased absorption loss due to spill-out will manifest itself as decreased propagation lengths in fabricated plasmonic structures. Losses in such structures have been studied in, e.g., Refs. 47-50, where it was found that the measured propagation length of plasmons propagating in a 70 nm silver film deposited on glass is significantly shorter than the one calculated using classical models 49, 50 . Hence, these works together with Ref. 1 also support the finding that a classical model is not sufficient to correctly describe losses occurring in plasmonic waveguides.
V. CONCLUSION
In conclusion, we have applied a quantum mechanical approach and local response theory to study the propagation of plasmons in nanometer-thin gold slabs surrounded by different dielectrics. The effect of spill-out is found to be small on the real part of the mode indices but remarkably increases the corresponding imaginary part, and even for slabs wide enough to approach bulk the increase is 20%. This is explained in terms of enhanced plasmonic absorption mainly taking place at narrow peaks located a fewÅ outside the ion charge. It is highly surprising that spill-out plays such a significant role for wide slabs, as it only modifies the electron density in a region very close to the ion charge. For slab widths above a few nanometer, the decay length of the fields into the dielectrics is almost unaffected by spill-out, as it mostly depends on the real part of the mode index. Furthermore, in contrast to classical models, the shortrange mode index does not diverge in the limit of vanishing slab thickness when spill-out is included. Instead, plasmonic modes cease to exist for slab widths below a cut-off thickness in the sub-atom region.
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APPENDIX A: CALCULATION OF ELECTRON DENSITY
In this appendix, we discuss in more detail how the electron density is calculated. Within the jellium model it is assumed that the charge of the gold ions is smeared out, such that their charge density is constant within the slab 23, 24 . The characteristic spill-out, as seen in Fig.  1(a) , stems from the distribution of free electrons in the vicinity of this positive background. The Kohn-Sham equations 23 are solved self-consistently within the local density approximation (LDA), 51 applying the PerdewZunger parametrization 52 for the correlation term. The applied Wigner-Seitz radius for gold is r s = 3.01 Bohr 24 .
It is found that 2,500 basis functions on the form sin(mπ(x/L + 1/2)) are sufficient to describe the density for slab widths up to 200 nm. The length L is 1 nm larger than the slab width d, and the slab is centered at x = 0. As in Ref. 1, the density is said to converge when a variation in Fermi energy between two iterations below 10 −7 Ha is achieved. Furthermore, in the Anderson mixing scheme 53 , the mixing parameter α must be below a certain threshold which strongly decreases with d. It is found that α ≤ 5 · 10 −4 is necessary for slab thicknesses up to 20 nm. The potentials for wider slabs can afterwards be constructed from the potential of the 20 nm slab, as the oscillations in potential near its center are negligible, meaning that the effective potential near the center can be seen as constant. This constant potential is added in the central region of wider slabs.
APPENDIX B: CLASSIFICATION OF PLASMONIC MODES
In this short appendix, we discuss how the plasmonic modes are classified. The mode index is calculated by the same type of transfer matrix method as presented in detail in Ref. 1 . However, only one type of plasmonic mode was studied in that paper, why the classification of modes was not presented there. A structure matrix S is constructed, which relates the magnetic fields to the left and right of the structure, and a mode index is found when the matrix element S 11 is zero. The mode is classified by the sign of S 21 , where positive and negative signs correspond to long-range and short-range modes, respectively, and S 21 is exactly ±1 for symmetric structures. Expressions for the matrix elements can be found in Refs. 1,46. In addition, the x-axis is divided into tiny segments, each modelled as having a constant dielectric function. Similarly to Ref. 1, we find that segments of 2.7 · 10 −4 nm are sufficient to avoid discretization errors.
